This chapter concerns one branch of the peroxisome import pathway for newly-synthesized peroxisomal proteins, specifically the branch for matrix proteins that contain a peroxisome targeting sequence type 2 (PTS2). The structure and utilization of the PTS2 are discussed, as well as the properties of the receptor, Pex7p, which recognizes the PTS2 sequence and conveys these proteins to the common translocation machinery in the peroxisome membrane. We also describe the recent evidence that this receptor recycles into the peroxisome matrix and back out to the cytosol in the course of its function. Pex7p is assisted in its functioning by several species-specific auxiliary proteins that are described in the following chapter.
The PTS2, structure
The PTS2 was first identified as an oligopeptide located near the aminoterminus of rat liver thiolase, within a pre-sequence that is cleaved from the thiolase after its entry into peroxisomes [1, 2] . The PTS2 was shown to be necessary for the import of thiolase into peroxisomes and sufficient to target a passenger protein to the organelle. Subsequent comparison of the sequence of this functional PTS2 with similar sequences in the aminotermini of thiolases of other species, and in other peroxisomal enzymes, namely watermelon malate dehydrogenase, H. polymorpha amine oxidase and T. brucei aldolase, led to the recognition of a conserved nonapeptide, RLxxxxx(H/Q)L (x = any amino acid), that appeared to be the consensus PTS2 [3] . In many of these examples, this oligopeptide is not removed proteolytically and remains part of the enzyme after its import into peroxisomes.
Site-directed mutagenesis of rat liver thiolase [4] , S. cerevisiae thiolase [5] , and watermelon malate dehydrogenase [6] , focussing on the first two and last two amino acids of the nonapeptide, demonstrated that the PTS2 is conserved among mammals, yeast and plants, and that the first two and last two amino acids of the nonapeptide are indeed critical for targeting. A basic amino acid is essential at position #1 and even the conservative substitution of R1K reduced thiolase targeting to peroxisomes moderately [5] or drastically [4] . Leucine at position #2 could be replaced with glutamine with some loss of function, but not by arginine, which abolished targeting. Basic amino acids were not tolerated at position #8 either and changing the leucine at position #9 to serine or phenylalanine also impaired function. Significantly, the watermelon enzyme could be imported into H. polymorpha peroxisomes [6] , demonstrating functional conservation of the PTS2 across eukaryotic kingdoms. Moreover, the PTS2 is conserved in targeting to trypanosome glycosomes, which can use a mammalian PTS2 as well as that of the endogenous fructose bisphosphate aldolase [7] .
Recognition of the variability in newly-recognized, naturally occurring PTS2s, including one beginning with K in H. polymorpha Pex8p [8] , led to a broadening of the generally accepted PTS2 consensus to (R/K)-(L/V/I)-xxxxx-(H/Q)-(L/A) [9] . This had the virtue of inclusiveness, but was a bit simplistic, since some of the alternate amino acids were nonfunctional or poorly functional when tested in alternative PTS2 contexts.
Subsequent sequence comparisons of some 32 diverse peroxisomal proteins and site-directed mutagenesis of residues 3-7 of the nonapeptide have revealed some interesting differences among the eukaryotic kingdoms and shed additional light on the nature of the PTS2 [10] . Whereas the mammalian thiolases have the original consensus PTS2, RLQVVLGHL, the plant thiolases all differ with a Q at position #2. The rat thiolase PTS2 functions correctly to target a passenger protein into tobacco glyoxysomes, but this targeting unexpectedly fails if residue #2 is changed to the plant-specific Q. Another difference between mammalian and plant thiolases is a V at position #5 in the former and an L in the latter. Adding V5L to the L2Q (to form RQQVLLGHL) restores function to the rat PTS2 in the context of the tobacco cells [10] . This demonstrates a context specificity to the functioning of individual amino acids within the PTS2.
Position #5 of the PTS2 is usually occupied by an uncharged aliphatic amino acid [7] . Changing it to serine abolishes targeting and changing it to glutamate seriously impairs targeting [10] . This strongly suggests an additional constraint on the structure of the PTS2. On the other hand, Q3K or G7Q did not appear to affect topogenesis, consistent with the view that a wide variety of amino acids are tolerated at these positions.
A highly unusual variant PTS2, SVxxxxxQL, lacking the positively-charged first amino acid, has been described near the aminotermini of HMG-CoA synthase and mevalonate diphosphate decarboxylase [11] . In the first case, the nonapeptide was shown to be necessary for peroxisome targeting. In the latter case, a region containing this nonapeptide was sufficient to send an epitope tag into peroxisomes. In both instances, a functional PTS2 import pathway was required to reach peroxisomes.
The length of the PTS2 appears to be precisely fixed. An 11-amino acid peptide, RIxxxxxxxHL, is present near the aminoterminus of S. cerevisiae peroxisomal enoyl-CoA isomerase. It matches the PTS2 consensus perfectly except for a spacer of seven instead of five amino acids and is nonfunctional [12] .
Some changes to amino acids in the aminoterminal regions of peroxisomal proteins outside the defined PTS2 nonapeptide occasionally have been observed to affect targeting. For example, if the glutamic acid located 5 amino acids after the PTS2 in rat thiolase is changed to a basic or hydrophobic amino acid, the protein goes to both peroxisomes and mitochondria [4] .
The 3-dimensional structure of the PTS2 has been observed by X-ray diffraction analyses at 1.8-1.9 Å resolution of crystallized glycocosomal fructose-6-bisphosphate aldolase from T. brucei and L. mexicana [13] . Aldolase is a homotetrameric enzyme. Its PTS2s interact with each other such that there are two PTS2 dimers per aldolase tetramer. Each dimer consists of the two aminotermini passing one another as anti-parallel β-strands , forming two alpha-helical turns, and then continuing toward the first alpha-helix. The highly conserved arginine in position #1 is near the surface, with its guanidinium group fully exposed, situated so as to be able to bind to Pex7p. The highly conserved leucine in position #9 is almost completely buried, along with other PTS2 hydrophobic residues, which may serve to dimerize the nonapeptides by hydrophobic interactions. The structures of the two aldolases' PTS2s are virtually identical. "Since the aldolases are from different species, were crystallized under different conditions, and exhibited different space groups, the fact that the PTS2s have such similar structures suggests that the observed conformation may occur under physiological conditions and therefore be biologically relevant" [13] . Some other PTS2-containing proteins form dimers or higher multimers so that PTS2-dimerization could be a more general phenomenon. On the other hand, thiolase, which forms dimers, can be imported into peroxisomes even when one subunit has a PTS2 and the other subunit does not [14] , so PTS2-dimerization is apparently not obligatory for import.
The advent of large scale genomic sequencing and powerful bioinformatic tools has made possible comparative analyses of PTSs on a large scale, permitting refinement of the details of PTS structures. This in turn should make it possible to search the genome databases for new peroxisomal proteins, based on their possessing a PTS, in a more refined fashion than was possible previously. The success of this endeavor will depend on the precision with which the PTS can be defined, in order to maximize the identification of new bona fide peroxisomal proteins while minimizing the number of false positives.
This approach was applied to plants, for which there was a complete sequence of the Arabidopsis genome and more than 20,000 expressed sequence tags for each of 27 higher plant species at the time the study was done [15] . A total of 31 fulllength genes and 137 homologous ESTs containing a PTS2 were analyzed: among these, some 94% contained a nonapeptide that fit the consensus R-(L/I/Q/T/M/A/V)-xxxxx-HL, indicating that three of the four amino acids of the originally described PTS2 are highly conserved (at residues 1,8 and 9) in these plants and most of the changes occur at residue #2. Two major peptides, RLxxxxxHL and RIxxxxxHL were each present in 10 or more sequences and three or more orthologous groups. RQxxxxxHL was restricted to thiolases. Minor peptides contained either a change at residue #2 to T, M, A or V, or a change at residue #9 to I or F. Analysis of the regions neighboring the nonapeptide showed some conservation for three amino acids on either side. Proline was absent in front of the nonapeptide and frequently present immediately downstream. A, L and V were abundant just before the nonapeptide and in the xxxxx region (residues #3-7). There are few acidic residues in the PTS2 and a consistently alkaline pI in the xxxxx region. Some amino acids observed in PTS2s of other kingdoms were not found at all, such as Q at residue #8. On the other hand, curiously, Q was found at residue #2 in all of the plant thiolases but not in any of the other plant enzymes. Moreover, Q has not been observed at position #2 in any mammal or yeast PTS2s [15] .
Another bioinformatics analysis searched for PTS2s throughout the open reading frames of four diverse genomes: human, S. cerevisiae, Arabidopsis and C. elegans [16] . Some 10% of all the proteins encoded by these genomes contained a sequence that matched the tested consensus of (R/K)-(L/V/I)-xxxxx-(H/Q)-(L/A) (presumably the search allowed all combinations of permissible amino acids). This illustrates two points: first, although PTS2s have sometimes been shown to be capable of functioning in the middle [17] or even at the end of a protein [18] , all the known functional PTS2s are located at or near the aminoterminus, whereas the search found matching nonapeptides uniformly distributed throughout the proteins examined. Secondly, many variant functional PTS2s involve a single amino acid change from the classic RLxxxxx(H/Q)L consensus. As noted previously, there may be physical interactions among the nine PTS2 residues so that in some cases, two changes may compensate one another. In any event, in functional PTS2s the permissible amino acids are not combined randomly. Unfortunately, we lack a rule specifying which combinations are permitted, and therefore a search permitting all possibilities returns many false positives. Even when the search was restricted to the 20% of each protein nearest its aminoterminus, some 766 human and 130 yeast nonapeptides were found that matched the tested consensus sequence. Evidently this is too broad for effective discovery of new peroxisomal proteins [16] .
The bioinformatics analysis revealed some interesting additional features of the PTS2s known to be functional in these four species. Position #5 is strongly conserved, with only L, I, V, H and Q observed. Position #6 is conserved as well, containing L, S, G, A and K. The resulting inclusive consensus sequence for the most common PTS2 variants is R-(
Combining the computational data on amino acid preferences with experimental data from the literature on permissible/nonpermissible amino acid changes led to additional insights into what may be expected at each of the nine positions [16] .
It seems safe to conclude that we are not finished with the experimental testing of potential new PTS2s to determine whether they are in fact functional. The refined knowledge base of PTS2 structures will be of great help in future searches. However, it is now apparent that some sequences that are pretty close to the consensus do not function, and some functional PTS2s are quite exceptional in their structures.
PTS2 utilization
Proteins are targeted to peroxisomes by PTS2s much less frequently than by PTS1s. In the case of S. cerevisiae, only thiolase uses a PTS2. Plants use PTS2s more frequentlyapproximately one third of peroxisomal proteins contain a PTS2, including the medium-and long-chain acyl-CoA oxidases, long-chain acyl-CoA synthetase 6, thiolase, citrate synthase, malate dehydrogenase, aspartate aminotransferase, and a heat shock protein 70 [summarized by 15] .
Interestingly from the perspective of evolution, the same enzyme in different organisms may use either type of PTS2. For example, acyl-CoA oxidase uses a PTS1 in mammals and the yeast, P. pastoris, but generally uses a PTS2 in plants. Alkyldihydroxyacetone-phosphate acyl transferase has a functional PTS2 in mammals but has a PTS1 in T. brucei and D. discoideum. The peroxisomal malate dehydrogenase and citrate synthase enzymes use a PTS1 in S. cerevisiae but a PTS2 in plants [see references in 19] .
All organisms investigated thus far, with one exception, have the ability to import both PTS1-containing and PTS2-containing proteins into their peroxisomes, indicating that both of these mechanisms existed in ancestral organisms. The interesting exception is C. elegans, which lacks the protein machinery needed to import PTS2-containing proteins. A PTS2 test protein (the pre-sequence of rat thiolase fused in front of GFP), which is localized to peroxisomes in mammals, plants and trypanosomes, remains cytosolic in C. elegans [19] . Apparently the genes encoding the PTS2 import machinery were lost during evolution. C. elegans has adapted to this situation by acquiring a PTS1 on its peroxisomal proteins that use a PTS2 in other species. Thus, for instance, thiolase, which uses a PTS2 in all other organisms studied, including mammals, yeasts and plants, uses a PTS1 in C. elegans. An evolutionary switch to the exclusive use of PTS1s would have permitted sequence drift thereafter in any PTS2s originally present in C. elegans proteins. This could explain the fact that several PTS2-like sequences found recently in C. elegans are nonfunctional in other organisms with a functional PTS2 pathway [16] .
A functional PTS2 can be present in a peroxisome protein that also possesses a functional PTS1, as is the case for Pex8p in the yeast, H. polymorpha [8] .
Pex7p, the PTS2 receptor
Pex7p (formerly known as Pas7p or Peb1p) is a hydrophilic, soluble protein, without transmembrane domains [20, 21] . It consists of six WD repeats, preceded by a distinct aminoterminal region. WD repeats are found in a great many proteins with diverse functions and, as shown in the case of one threedimensional structure, play a structural role to form a propeller shape with multiple blades [22] . Those amino acids in the WD repeats located on the surface of the propeller likely determine the specificity of the proteins' interactions. Our attempts to create deletion mutants of Pex7p generally resulted in unstable and/or nonfunctional protein (Purdue and Lazarow, unpublished) , consistent with the destabilization of a complex structure. Human Pex7p is about 20% shorter than the yeast orthologs, primarily because of shorter spacer regions between the WD repeats [23] .
Pex7p interacts specifically with the PTS2 nonapeptide, as shown by affinity chromatography, co-immunoprecipitation and two-hybrid analyses [18, 24, 25] . Mutants lacking Pex7p are incapable of importing PTS2-containing proteins into peroxisomes, but are entirely normal for the import of PTS1-containing proteins, demonstrating the essential role of Pex7p as the PTS2 receptor.
Subcellular location and function of Pex7p
Initial studies of the intracellular distribution of Pex7p gave conflicting results, depending on how the protein was epitopetagged and how its distribution was analyzed. In S. cerevisiae and human fibroblasts, aminoterminally Myc-tagged Pex7p was found predominantly in the cytosol [21, 26] . In contrast, Pex7p tagged at its carboxylterminus with three copies of the HA epitope was found mainly inside the peroxisomes in S. cerevisiae [20] and Pex7p with a COOH-terminal GFP tag was localized to the peroxisomes in mammalian cells with substantial cell to cell variation in the amount of Pex7p-GFP in the cytosol [27] .
Subsequent success in raising antibodies against Pex7p made possible the analysis of the untagged endogenous protein, which was found predominantly in the cytosol with a little in the peroxisomes in P. pastoris [25] , human fibroblasts [28] and S. cerevisiae [29] . These results on the untagged protein indicate that Pex7p, like Pex5p the PTS1 receptor, functions as a soluble receptor in the cytosol to bring newly-synthesized PTS2-containing proteins to the peroxisome.
Interestingly, Pex7p does not do this job on its own. Rather, it requires species-specific auxiliary proteins to help it: Pex18p or Pex21p in S. cerevisiae [30] , Pex20p in Y. lipolytica [31] , N. crassa [32] , H. polymorpha [33] , and P. pastoris [34] , or the longer of two splice isoforms of Pex5p in mammals [35] [36] [37] and Arabidopsis [38] . These non-orthologous proteins possess a region of conserved sequence that probably represents a common Pex7p binding site, suggesting the evolutionary conservation of a functional module rather than an entire protein [31, 36] . In the case of Pex18p, this auxiliary protein is ubiquitinylated and turns over rapidly in the course of its function [39] . Interestingly, P. pastoris Pex7p does not require Pex20p to enter peroxisomes itself, but Pex20p plays an essential synergistic role that allows Pex7p to carry PTS2 cargo into the peroxisomes [34] . Moreover, P. pastoris Pex20p is also ubiquitinylated and turns over during the import cycle. See the following chapter for a detailed description of the functions of these auxiliary proteins.
Pex7p, in a complex with cargo and auxiliary protein(s), docks on the peroxisome membrane at a complex of three interacting membrane peroxins: Pex13p, Pex14p and Pex17p [40] [41] [42] [43] [44] [45] . Subsequent steps in the translocation of PTS2 cargo across the peroxisome membrane remain to be fully elucidated [46] .
Initially it was thought that the PTS receptors recycle right back into the cytosol after dropping their cargo at this docking site ("simple shuttle"). However, recent experiments support an "extended shuttle" in which the receptors enter peroxisomes with their cargo and then re-emerge to the cytosol to carry out further rounds of import.
Pex7p recycling in and out of peroxisomes
The divergent results of the Pex7p epitope tagging experiments led to a way of testing the trafficking of Pex7p. It might have been the case that differences in experimental methods or in the species studied could have been responsible for the different results. However, analysis of Pex7p-GFP expressed in S. cerevisiae together with the endogenous untagged Pex7p demonstrated that attaching a tag or a protein to the carboxylterminus of Pex7p is sufficient to change its distribution within cells: the native protein was mostly cytosolic with a little in the peroxisomes whereas in the same cells the Pex7p-GFP fusion was mostly in peroxisomes [29] . Was this an irrelevant artifact? Perhaps not. We hypothesized that Pex7p might normally recycle from cytosol into peroxisomes and back out to the cytosol as it functions; in this case, the peroxisomal accumulation of Pex7p-GFP could result from an inhibition of re-export due to the COOH-terminal GFP.
This hypothesis was tested by designing a Pex7p-GFP fusion protein that could be cleaved within peroxisomes. S. cerevisiae peroxisomes, unlike mammalian peroxisomes, have no known processing protease. Therefore, a viral, sequence-specific protease, tobacco etch virus protease (TEVP) was expressed and targeted to the peroxisomal compartment with an SKL [as described by 47] . The TEVP cleavage site sequence (ENLYFQS, referred to as "cs") was engineered between Pex7p and GFP to form a Pex7p-cs-GFP fusion protein, which was expressed in the Δpex7 knockout strain [29] .
In practice, cells expressing the Pex7p-cs-GFP without the protease accumulated the fusion protein inside peroxisomes and showed limited ability to import the PTS2 protein, thiolase, into peroxisomes. Since thiolase inside peroxisomes is essential for the beta-oxidation of fatty acids, these cells were poorly able to grow on oleic acid. Co-expression of the TEVP-SKL in these cells resulted in the cleavage of the fusion protein solely inside the peroxisomes. As expected, the free GFP that was produced remained within the peroxisomes. However, the free Pex7p that was formed exited the peroxisomes and accumulated in the cytosol. It catalyzed the import of thiolase and improved the ability of the cells to grow on oleate. These results demonstrated that Pex7p can be re-exported from, as well as imported into, peroxisomes [29] . They support the extended shuttle, receptor recycling model. The data imply, moreover, that a free carboxylterminus is important for the efficient re-export of Pex7p.
PTS2 protein import in vitro-Biochemical analyses
The in vitro import of PTS2 proteins into peroxisomes, first reported for rat liver thiolase [48] , permitted analysis of some of the biochemical requirements of the import apparatus. Semipermeabilized Chinese hamster ovary cells imported a rat thiolase fusion protein into peroxisomes in a time-and temperature-dependent fashion [17] . The import was saturable and required ATP and the cytosolic factors Hsc70, Hsp40 but not Hsp90. These properties are similar to those observed for PTS1 protein import in the same semi-permeabilized cell system [summarized in 49] . The import of Arabidopsis thiolase into purified pumpkin glyoxysomes likewise was ATP-and temperature-dependent and saturable [50] . In this plant in vitro import system, the rate of import of thiolase was slower than that of glycolate oxidase, a PTS1 protein, but the maximal import achieved was similar (about 10% of the total); it took about 3 h for thiolase to reach maximal import versus 30 min for glycolate oxidase. Zinc ions, which stimulated PTS1 protein import into mammalian peroxisomes [49] , also stimulated PTS1 and PTS2 protein import into plant peroxisomes [50] . The zinc stimulated at least the initial step of thiolase binding to the peroxisomes; a further stimulation of subsequent import steps is not excluded. Thus in general, the biochemical properties of PTS2 protein import into peroxisomes appears to be similar in animal and plant cells, and similar to that of PTS1 proteins.
One important species difference concerns the cleavage of the presequence containing the PTS2. In mammals and plants, the PTS2 is usually cleaved off after the protein enters the peroxisome, but this is generally not the case in yeasts [for references see 51] . The latter appear to lack a cleavage enzyme. The removal of the targeting sequence seems not to be tightly coupled to the import process in mammals because both cleaved and uncleaved thiolase are observed after in vitro import into rat liver peroxisomes [48] .
7. Human disease due to defects in the PTS2 branch of import Mutations in human Pex7p impair the import of PTS2-containing proteins into peroxisomes, resulting in the lethal inherited disease, rhizomelic chondrodysplasia punctata [23, 26, 52] . Defective Pex7p can also cause Refsum disease [53] . See the chapter on Peroxisome Biogenesis disorders for more information.
